The species-specific pattern of cystic fibrosis transmembrane conductance regulator (CFTR) expression was investigated in order to identify species closely related to man which can be used as potential cystic fibrosis (CF) animal models. To this purpose, the nucleotide sequences of the CFTR promoter region of eight mammalian species representing four different orders (Primates, Artiodactyla, Lagomorpha, and Rodentia) were analyzed. Distance matrices and unrooted trees of the CFTR promoter region sequences yielded two deeply separated groups, one including man (Homo sapiens), nonhuman primates (Hylobates lar, Macaca fascicularis, Saimiri sciureus), cow (Bos taurus), and rabbit (Oryctolagus cuniculus) and the other including the rodents (Rattus norvegicus, Mus musculus). Divergences between rodent and nonrodent groups have been observed in putative cis transcriptional regulatory elements and can be involved in the differences of pattern of expression between these two groups.
Introduction
The human cystic fibrosis transmembrane conductance regulator (CFTR) gene, whose dysfunction is responsible for cystic fibrosis (CF), a common single-gene disorder among Caucasians, was first cloned in 1989 (Riordan et al. 1989) . This gene encodes a protein belonging to the ATP-binding cassette transporter superfamily, which is a cyclic adenosine 3',5'-monophosphate (CAMP)-regulated chloride channel (Collins 1992 ) and possibly a CAMP-dependent regulator of sodium channels (Stutts et al. 1995; Reddy et al. 1996) . The CFTR cDNAs from a wide range of vertebrate species, including mammals (Diamond et al. 1991; Tata et al. 1991; Yorifuji et al. 1991; Tebbutt et al. 1995) , amphibians (Tucker, Tannahill, and Higgins 1992) and chondrichthyans (Marshall et al. 1991) , have now been sequenced. Although these species represent evolutionary divergences of up to 420 Myr, their CFTR cDNAs are highly conserved. However, the 5' noncoding sequences of the gene in man and rodents are very divergent, except for a G+C-rich 250-bp region upstream of the ATG initiation codon which acts as a minimal promoter in both species (Chou, Rozmahel, and Tsui 1991; Yoshimura et al. 1991; Koh, Sferra, and Collins 1993; Denamur and Chehab 1994) .
CFTR expression occurs in a subset of specialized cells of epithelial origin, and is regulated during development. The most common clinical symptoms of CF, which include chronic obstructive lung disease, pancreatic insufficiency and meconium ileus, are in correlation with the site of CFTR expression. Studies on the patterns of CFTR expression in man and rodents, based on mRNA or protein analysis, are roughly in agreement but do show some species-related differences. With regard to the pancreas, the level of expression is very low in rodents as compared to man (Riordan 1989; Trezise and Buchwald 1991; Snouwaert et al. 1992; Tizzano, Chitayat, and Buchwald 1993; Trezise et al. 1993) . The levels of expression in the rodent lung are similar to those in human (Trezise and Buchwald 1991; Snouwaert et al. 1992) . Nevertheless, CFTR expression in human lung is almost confined to the bronchus submucosal glands (Engelhardt et al. 1992 ) plus a subpopulation of epithelial cells at every level of the distal lung (Engelhardt et al. 1994) , while in situ hybridization studies of rat airways show diffuse staining over the surface epithelium of the bronchi and the bronchioles (Trezise and Buchwald 1991) .
Several groups have generated mouse models for CF by disrupting the mouse CFTR gene (see Anonymous 1995 for review) or, more recently, by introducing the most common mutation found in human, the AF508 mutation , into the mouse CFTR gene (Colledge et al. 1995; Van Doorninck et al. 1995; Zeiher et al. 1995) . Although these animals display some phenotypic features of CF patients with proeminent intestinal pathology, the pulmonary and pancreatic CF man- ifestations are not accurately replicated. These data are in correlation with the pattern of CFIR expression as well as with anatomical and physiological differences in man and rodent (Clarke et al. 1994) . The fact that the respiratory system is minimally affected in mouse CF models is highly important, given that the lung disorder is the major cause of morbidity and mortality in CF and that the first gene therapy trials focused on the airway epithelium (Wilson 1995) . Thus, a mammalian model reproducing the human disease more accurately than the mouse would be useful to understand the pathophysiology of CF and to test therapeutic options, especially gene therapy vectors (Wynshaw-Boris 1996) .
In order to gain insight as to the species-specific pattern of CFTR expression, and to identify species more closely related to man than rodents at the CFTR locus, the nucleotide sequences of the CFTR promoter regions of eight mammalian species representing four different orders (Primates, Artiodactyla, Lagomorpha, and Rodentia) were analyzed. The studied promoter region encompasses 2.3 kb upstream of the initiation codon, as well as 350 bp of the first intron. Putative cis regulatory elements involved in transcriptional regulation have been mapped in this region both in humans (Koh, Sferra, and Collins 1993) and rodents (Vuillaumier et al. 1995) . In a second step, a phylogenetic analysis was conduced on CFTR cDNA sequences for which outgroup sequences were available.
Materials and Methods
Isolation and DNA Sequencing of CFTR Promoter Regions from Various Species (table 1) Bos taurus (cow), Oryctolagus cuniculus (rabbit), and Rattus norvegicus (rat) genomic libraries constructed in the EMBL3 SP6/T7 vector (Clonetech, Palo Alto, Calif.) were screened with a species-specific probe encompassing CFI'R exon 1 for the bovine and rat libraries, and with a mouse probe (MCFl-MCF2 [Denamur and Chehab 19941) for the rabbit library. The probes were generated by polymerase chain reaction (PCR) as described for the probe (Denamur and Chehab 1994) using the primers BCFl (5'-GTTGCTGTCGGGAGCTC' and for the bovine probe and RV2 (5'-CGCTGGCTTTAACCTGGG C-3') and BD (5'-GCTCCGTAGCATA'ITTGGCTG-3') for the rat probe, purified on agarose gel, and 32P labeled by random priming (Boerhinger, Mannheim, Germany). The libraries were screened using standard procedures (Sambrook, Fritsch, and Maniatis 1993) . Phage plaques which hybridized to the probes were purified and phage DNA was prepared. Dideoxy DNA sequencing was performed directly from phage DNA using the fmol DNA sequencing kit (Pi-omega, Madison, Wis.). The i&s muscuZus (mouse) sequence was a generous gift from Dr. Rozmahel and Dr. Tsui (Hospital for Sick Children, Toronto, Canada). Nonhuman primate DNA sequences were obtained by PCR using DNA extracted from white blood cells. DNA from Hylobates Zar (gibbon-lesser ape) was obtained from Dr. Rigoulet (Vincennes Zoo, Paris, France), DNA from Macaca fascicularis (cynomolgus-Gld World monkey) was from Dr. Khrisnamoorthy (Centre international de recherche de Franceville, Gabon), and DNA from Saimiri sciureus (squirrel monkey-New World monkey) was from Dr. Bout (TN0 Health Research, Rijswijk, Netherlands). Four overlapping sets of human primer pairs were used: hCF4 (5'-CATTGTTAAACAGGTCTAGAAGT-3') and CGS2 (5'-GCAAGCACACAT/CTGTG/ATI'TGA AT-3'); hCF3 (5'-ClTGCC'ITAGATGTGTCGGCAA T-3') and CGS 1 (5'-TCCTTTTC/TCC/AGATGAT/C CCTA-3'); hCF1 (5'-GCACCTTGCAAACGTAACA GGA-3') and P2 (5'-AGGCGACTTCTGCATGATGT CTCCG-3');
and MCFl and hIR1 (5'-GACAATCA AGTGTCCAAGGCAT-3').
The resulting PCR products were subcloned in the pCR@ vector (Invitrogen, San Diego, Calif.) and sequenced with the fmol DNA sequencing kit. Homo sapiens (human) promoter region sequence was obtained from GenBank (accession number M58478). (table 2) . The nucleotide sequence of the rabbit exon 10, which was not available from GenBank, was determined by direct sequencing (fmol DNA sequencing kit) of a rabbit exon 10 PCR product obtained with human primers lOi-5/ lOi- (Zielenski et al. 199 These alignments correspond to positions 1586-3897 of the human CFTR 5' untranslated region, and of the available gibbon CFTR intron 1 sequence, respectively.
CFTR cDNA Sequences
Complete sequence alignments are available on request from the authors by e-mail.
The cDNA sequences described in table 2 were used for phylogenetic analysis. The minimum length was a portion of the rabbit homolog of the CFTR gene consisting of 5 18 bp. We used a 5 16-bp fragment of this sequence, encoding a 172~amino-acid CFTR peptide. The cDNA sequences described in table 2 were aligned using ED of the MUST package (Philippe 1993) . The alignment resulted in 519 positions corresponding to positions 1942-2454 (exon 13) of the human CFIR cDNA, yielding 269 variable positions and 150 positions informative for parsimony. A complete sequence alignment is available by e-mail from the authors on request. Codon positions were recognized using ED of MUST and MacClade (Maddison and Maddison 1992) . The corresponding NEXUS format was used for phylogenetic inference carried out with PAUP (Swofford 1993) . In a first step, gaps were treated as missing data for mutational saturation analysis. Mutational saturation was evaluated for each codon position and transitions and transversions separately by plotting the pairwise numbers of the observed sequence differences (Y axis) against the pairwise numbers of inferred substitutions as found in the most parsimonious tree (X axis). This was performed using the NET, COMP-MAT, and AF-PAUP programs of MUST (Philippe 1993) and PAUP In a second step, gaps which were always clustered as codon multiples were recoded as single events using the method of Barriel (1994) . Phylogenetic analysis was performed using the exhaustive search of PAUP Robutness analysis was carried out considering both branch lengths as given by the "table of linkages" of PAUP, and bootstrap values (Felsenstein 1985) obtained from 1,000 replicates.
Results and Discussion
A good animal model for CF should be a model which accurately reproduces the CF disease observed in man. This can conceivably be achieved in a mammalian species which is related closely enough to human at the anatomical, physiological, and developmental levels. Furthermore, the pattern of expression as well as the cDNA sequence of the CFTR gene should be highly similar between the animal model and man. These requirements may be better fulfilled with a taxonomic group more closely related to human than with a more distant group. Lastly, the life span of this species should be long enough to allow the development of a CF pathological process and the long-term assessment of a therapeutic procedure.
Descriptive statistics of the aligned CFTR DNA sequences are summarized in table 3. Base composition of the CFTR cDNAs was for all taxa tightly clustered within narrow ranges, as were A+T and G+C content. These sequences are those upon which the phylogenetic analysis rests. On the contrary, the ranges for the CFTR S'untranslated regions were similarly narrow, but the 0.484 A+T content of the 0. cuniculus locus diverged substantially from that of the other taxa, in which it was between 0.523 and 0.554. For the CFTR inn-on 1, 0. cuniculus and S. sciureus showed a substantial deviation from the other taxa in the composition of all bases (A+T content of 0.524 and 0.566, respectively, vs. 0.621 to 0.651 for the other taxa). For the eight mammalian species studied in this work, comparisons of the 5' nontranslated regions (corresponding to 2,312 bp upstream of the start codon of the human CFTR gene) and of the first 350 bp of intron 1 of the various CFTR genes, which reflect at least in part transcriptional regulation of CFI'R expression, reveal two distinct groups based on relative branch lengths. One group includes the human and rabbit (Oryctolugus cuniculus) sequences, which all lack the 350-bp purine.pyrimidine stretch described in rodents (Denamur and Chehab 1994) ; the other group includes the rodents (Rattus nowegicus, Mus musculus) (table 4 and fig. 1) . Surprisingly, this comparison deeply separates the rabbit from the mouse and the rat. But it does not necessarily mean that the promoter function is different in the two groups. A promoter region has likely a lower evolutionary constraint as compared to coding DNA and it can be argued that most genetic change is neutral (or nearly neutral). When two groups are genetically distant, their CFTR promoters are not necessarily functionally different as long as critical regulatory elements are conserved ("phylogenetic footprint" [Gumucio et al. 19921 ). On the other hand, two less divergent taxonomic groups may have fewer substitutions but these substitutions may occur in functionally important regions. Altogether, it should be stressed that, when taking into account the few functional data available for CFTR transcriptional regulation, the observed divergence between rodents and nonrodents probably reflects the differences in the pattern of expression between the two groups. The rodent-specific purine.pyrimidine stretch is of particular relevance as it has been shown to act as a negative cis regulatory element in rodents (Denamur and Chehab 1994) and exhibits tissue-specific DNase I hypersensitivity (Vuillaumier et al. 1995) , indicating a role in the rodent CFTR tissue-specific regulation. In addition, a 9-bp motif (ACACGTGCC) located within the first intron in a DNase I hypersensitive region in human (Koh, Sferra, and Collins 1993 ) is conserved within all the nonrodent species studied while, within the rodents, two bases (GT or AT) are inserted in the middle of this motif for which no regulatory role has been described (Vuillaumier et al. 1995) .
To determine if the observed rodent branching point was also valid for the whole CFTR locus, we analyzed the CFTR cDNA sequences, which enabled us to root the tree with a noneutherian outgroup. The available CFTR cDNA sequences were aligned and a highly conserved 516-bp fragment corresponding to base pairs 1942-2454 of the human CFTR cDNA, which encodes the regulatory domain (R domain) of the protein, was used for phylogenetic inference. Our concern was first to determine if the two outgroup sequences from X. Zuevis and S. acunthius were substitution-saturated with respect to mammals. In saturation tests, pairwise comparisons of substitutions as inferred in the MP tree were plotted against pair-wise raw differences. A plateau of the function at increasing levels of sequence divergence would be expected in the case of saturation, while a linear relationship would indicate nonsaturation. Figure  2 shows that for all the mammalian species and X. Zuevis, none of these plots shows a plateau, even for dots involving Xenopus. The same test performed with S. ucunthius included in the data set clearly showed saturation at first and third codon positions brought by S. ucunthius (data not shown). This species was therefore excluded from the analysis. Two consequences are to be deduced. First, Xenopus can be considered as a suitable outgroup for this analysis. Second, there is no need to NOTE.-values in the upper triangle are between pairs of the CFTR 5' untranslated regions; those in the lower triangle are between pairs of the CFTR introns 1. Distances were calculated as 100 times the sum of mismatches divided by the length of the aligned sequences minus the sum of gap residues in both sequences. Note that in both cases rodents are far more distant from Primates as well as all other taxa than Lagomorpha.
use a weighting scheme in the parsimony analysis with respect to codon position. The single most-parsimonious tree obtained from an exhaustive search of PAUP from the recoded matrix ( fig. 3) , with the X. Zuevis outgroup, deeply separated the rabbit from the two members (mouse and rat) of their presumed sister order of Rodentia. The eutherian cohort Glires (Novacek 1992 ) is therefore not supported. This tree is of 401 steps with a consistency index of 0.87 and a retention index of 0.745. This topology is also obtained with an exhaustive search from the nonrecoded data matrix as well as from this matrix with a weight of zero given to transitions at third and first codon positions. This topology is also the same as the majority-rule consensus tree obtained from a parsimony-bootstrap as well as a neighbor-joining-bootstrap with 1,000 iterations. Lastly, this topology is the same as the neighbor-joining tree obtained with or without distance corrections (Jukes and Cantor correction as well as Kimura two-parameters [Philippe 19931 ). It can be noted that the rodent branch is not particularly longer than the others, and that homoplasy measurement as well as saturation plots show a rather low level of homoplasy in the data. Therefore, long-branch attraction Holno of Xenopus and rodents is rather unlikely (Felsenstein 1978) . However, the hypothesis of a long-branch attraction artifact cannot be completely excluded. Finally, we have tested the alternative hypothesis that Rodentia and Lagomorpha form a monophyletic group. Constraining the topology with MacClade, 14 extra steps were required for such a hypothesis.
In this bootstrap-parsimony analysis, the Lagomorpha-Primate clade is supported with a 67% bootstrap value and the LagomorphaPrimate-Artiodactyla clade with 97%. The alternative clade Glires is supported with a 0.6% bootstrap value. Our data as well as the data on the genomic organization of the major histocompatibility complex (Marche et al. 1989 ) and T-cell receptor gamma chain genes (Isono, Kim, and Seto 1995) strongly support the notion that Lagomorpha is more closely related to primates than to rodents (Graur, Duret, and Gouy 1996) . However, other sequences of marsupials or early mammal orders should be added to our data set before deriving definitive conclusions.
This unexpected rabbit-rodent divergence is corroborated by airway surface epithelium analyses. The adult rabbit tracheal surface epithelium is very similar to the human, monkey, and bovine epithelia, having a typical pseudostratified surface epithelium (Chevillard et al. 1992) in which the ciliated cells are the most abundant cell type (Plopper et al. 1983) , and with CFTR immunoreactivity restricted to the apical membranes of the ciliated cells (Hinnrasky and Puchelle, unpublished data). On the contrary, the rodent airway surface epithelium is mainly composed of Clara cells and ciliated cells (Jeffery 1983) . Furthermore, CFTR gene and protein expression during rabbit fetal lung development has recently been studied by the reverse transcribed-polymerase chain reaction (RT-PCR) and immmunocytochemical analysis (McGrath, Basu, and Zeitlin 1992) . As in man (Tizzano, Chitayat, and Buchwald 1993; Gaillard et al. 1994) , the rabbit CFTR gene expression begins very early during development.
The results of the CFTR phylogenetic analyses can have major implications for CF in that they can discriminate a taxonomic group closely related to man where CFTR has an identical function. Together with anatomical and developmental data, they clearly indicate that the rabbit could be a more useful tool than the mouse for CF studies. Rabbit is larger than mouse but is easily handled in many animal facilities; that is not the case for sheep and monkey (Dupuit et al. 1995) . Furthermore, rabbit allows bronchoscopy, survives lung biopsy, and has a life span of 6-7 years. Consequently, the rabbit represents a suitable model of human respiratory epithelium in which to perform gene transfer to a single lobe of the lung by fiberoptic bronchoscopy (Flotte et al. 1993 ) and also pharmacological investigations.
In addition, gene targeting in rabbit embryonic stem cells could allow generation of a convenient animal model for CE Establishment of rabbit embryonic stem cells has up to now been unsuccessful, but new strategies are being explored to obtain such cells (Renard, unpublished data) . Interestingly, we also found in the present study that the rabbit exon 10 nucleotide sequence is 100% identical to the human one in the region around the F508 site as has been reported in other mammalian species including members of Rodentia and Artiodactyla (Gasparini et al. 199 1) . Thus, it may be possible to create a AF508 CF rabbit model. In addition to lung studies, such a rabbit model could also allow one to perform intestinal and pancreatic investigations, as CFTR is expressed in adult rabbit intestine (McGrath, Basu, and Zeitlin 1992) and pancreatic acini (Kopelman et al. 1995) .
In conclusion, comparison of CFTR promoter regions and phylogenetic analysis of CFTR cDNAs enabled us to propose a more convenient tool for CF studies than the mouse. From a phylogenetic point of view, rabbits appear closer to primates than to rodents. But we have to keep in mind that the combination of highly autapomorphic features in rodents and the present limited species sampling could prevent recovery of monophyletic Glires, a possible artifact that Graur, Duret, and Gouy (1996) could not exclude.
GenBank Accession Numbers X95926, X95927, X95928, X95929, X95930, x9593 1.
